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ABSTRACT 

We show that the standing accretion shock instability (SASI) that has been used to ease the shock revival in 
core collapse supernovae (CCSNe) neutrino-driven explosion models, might play a much more decisive role 
in supplying the stochastic angular momentum required to trigger an explosion with jittering jets. We find that 
if the kinetic energy associated with the transverse (non radial) motion of the SASI is larger than about ten 
percent of the energy associated with the energy of the accreted gas, then the stochastic angular momentum 
can reach about five percent of the Keplerian specific angular momentum around the newly born neutron star. 
Such an accretion flow leaves an open conical region along the poles with an average opening angle of about 5 
degrees. The outflow from the open polar regions powers an explosion according to the jittering-jets model. 
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1. INTRODUCTION 

Core-collapse supernovae (CCSNe) are explosions of mas¬ 
sive stars. A huge amount of gravitational energy, more than 
10 53 erg, is released by the newly formed neutron star (NS), 
or black hole (BH). The manner by which a small fraction 
of this energy is channeled to explode the star is an open 
question. The two contesting processes for explodin g all 
CCSNe are the delayed neu trino mechanism (e.g., iWilsonl 
fl98l iBethe & Wilsonl [19851 an d iJankal 120 1 2l for a review) 
and the li ttering-jets mechanism dPapish & Sokerl201 1LI20121 
l2014allb ; IGilkis & Sokerl [20141) . Explosions based on jets 


formed in ca ses with pre-collapse rapidly rotating cores exist 


as well (e.g. 

LeBlanc & Wilson 1970; Khokhlov et al. 199§ 

Lazzati et al. 

20121), but these models can account for a lim- 


ited number of rare types of CCSNe. 

Another recent revisited model is the collapse-induced ther- 
monuclear explosion (CITE) model dBurbidge et all 119571: 
iKushnir & Katzl 120141) . In this model a helium-oxygen shell 
that is compressed during the collapse is detonated and then 
unbinds the outer stellar layers. The CITE model can result 
in up to a few x 10 51 erg of kinetic energy under very tuned 
parameters iKushniJ (l2015al) . 

The delayed-neutrino mechanism faces two challenges. 
The first one is to revive the stalled shock of the inflow¬ 
ing core gas, and the second challenge is to achieve the 
desired > 10 51 erg = 1 foe observed explosion kinetic 
energy. We note that highly energetic explosions (e.g., 
ASASSN-151h, [Dong et ah 120151) cannot be explained by 
the neutrino mechanism while it can be accounted for with 
the jittering-jets model that is based on a negative feed¬ 
back mechanism (IGilkis et all 120151) . The incapability of 
the delayed-neutrino mechanism to overcome these two ob¬ 
stacles in a consistent and persistent manner is mirrored in 
the varying, and sometimes conflicting, outcomes of increas¬ 
ingly soph isticated multidimensional core collapse simula- 


tions (e.g., Bethe & Wilson 1985fdBurrows & Lattimei 

1985; 

Burrows et al. 1 995t Fryer & Warren 20021 Buras et al. 

2003; 

Ott et al. 2008; iMarek & Janka 2009; [Nordhaus et al 

2010; 

Brandt et al 

2011: Hanke et all 12013 iKuroda et al. 

2012; 

Hanke et al. 

2012: Mueller et al. 2013 iBruenn et al 

2013; 

Mueller & Janka 2014; Mezzacarma et al.ll2014L 20151). For 


some other difficulties of the delayed neutrino mechanism see 
IKushnir! (12015bl) . 

To ease the revival of the stalled shock in neutrino-based 
explosion models, dynamical effects, like pre-collapse con¬ 
vection and/o r rotation, have been studied in great deta ils in 
recent years. ICouch & Ottl (120131) . ICouch & Ottl (120151) . and 
IMueller & Jankal (120151) introduced pre-explosion turbulence 
in the core. They found that after collapse the turbulence is 
carried to the post-shock region, and an effective turbulent 
ram pressure exerted on the stal led shock allows shock re - 
vival with less neutrino heating. lAbdikamalov et all ( 2014t) . 
however, find that increasing the numerical resolution allows 
a cascade of turbulent energy to smaller scales, and the shock 
revival becomes harder to achieve. 

The main challenge of the jittering-jets model, on the other 
hand, is to supply a large enough specific angular momentum 
to the mass accreted onto the NS to form an accretion disk or 
an accretion belt. A belt is defined as a thick sub-Keplerian ac¬ 
cretion disk that does not extend much beyond the NS, but has 
sufficiently large specific angular momentum to prevent an in¬ 
flow along the two opposite polar directions. IGilkis & Sokeri 
(120151) showed that the above assumed pre-collapse turbu¬ 
lence lead to the formation of intermittent thick accretion 
disks, or accretion belts, around the newly born NS. The im¬ 
plication of their results i s that t he pre-collaps e turbu lence 
assumed bv ICouch & Ottl (120131) . ICouch & Otd (120151) . and 
IMueller & Jankal (12015 ) facilitated much more the jittering- 
jets model than the delayed neutrino mechanism. 

Another dynamical effect that has been studied in 
relation to the delayed neutrino mechanism is the stand¬ 
ing accretion shock instability (SASI) that devel ops in 
the post-shock _inflowing co re mat erial dBlond i n et all 
20031: iBlondin & Mezzacappal 120071: iFernande z 201(jf 
Burrows etak|_ T995[_ Janka_&_Mueller| Jj_996l iBuras et all 


2006allbl : lOtt et all 120081 iMarek & Jankal 120091) . Most inter 


esting to our present study is the spiral modes of the SASI 
that includes transverse motion that carries local angular 
momentum variations. The local variati ons can add up to 
non-zero angular momentum. iRantsiou et all (1201 ll) . for 
example, suggested the spiral modes of the SASI as the 
source of pulsar angular momentum. It was found that the 
spiral modes of the SASI can reduce the neutrino flux that is 
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required to revive the stalled shock, e.g., IFernandezl (120151) 
and earlier references therein. We note that even if the stalled 
shock is revived, the delayed neutrino mecha nism encounters 
a severe obstacle in achieving 1 foe dPapish et al .1120151) . 

In the present pa per w e study the implications of the re¬ 
sults of IFernandezl 1 2015 ) on the jittering-jets model. As we 
show, the S ASI might play a significant role in facilitating the 
jittering-jets model, hence might solve the biggest challenge 
of the jittering-jets model. In section [2] we describe the way 
the opening angle along the two opposite polar directions is 
calculated. In section [3] we calculate this angle from the re¬ 
sults presented hv lFernandez ( 2010 '). Our short summary is in 
section [4] 


2. ACCRETION BELT 

We consider a scenario where material falling on the proto- 
NS has a temporary angular momentum in some direction, 
which we denote as the positive 2 -axis. As the material pos¬ 
sesses a specific angular momentum j / 0, the accretion 
will be limited to some angle 9 a from the 2 -axis. This an¬ 
gle, 9 a , can be estimated from the magnitude of the angu¬ 
lar momentum by the balance between the centrifugal and 
gravitational forces. At a point on the NS surface and at 
an angle 9 from the 2 -axis, the centrifugal force is F c = 
j 2 / (f?NS sin (9) 3 and the opposing gravitational component is 
Fc = GMns sin 9/R^ s , where Mns and 7 ?ns are the proto- 
NS mass and radius, respectively. The required specific an¬ 
gular momentum for limiting the accretion to an angle 9 a , is 
obtained by equating the two forces Q 

jz = \J GMns-Rns sin 2 9 a , (1) 

and the limiting angle is 


9 a = sin -1 \ ~r—, (2) 

y JKep 

where j Kep = \J GM NS f?NS- 

It is important to emphasize that the open polar regions (or 
‘avoidance regions’ as they are avoidance regions for the in¬ 
coming gas), do not serve to collimate the outflow. Even for 
thin accretion disks where the opening angle is close to 90°, 
e.g., as in young stellar objects, there are jets. The role of the 
avoidance regions is to allow bipolar mass outflow as a result 
of the magnetic activity in the accretion belt (see below). 

Furthermore, as the open polar regions do not have a spe¬ 
cific role, there is no threshold on their value. The colli¬ 
mated outflow is formed by magnetic activity where there 
are two opposite preferred directions (the rotation axis) along 
which the pressure of the inflowing gas is very low. The mag- 
net ic activity then leads to an outflow along these directions 
(ISchreier & Sokeril2016l) . The situation is such that there is a 
monotonic relation between the low pressure of the incoming 
gas (which can be even zero) and the limiting angle. Numeri¬ 
cal simulations are required to determine the value of the low 
pressure of the incoming gas that allows for an outflow to de¬ 
velop. Our estimate, that must be checked with 3D numerical 

1 In IGilkis & Sokeil 120151) there was erroneously a factor of \/sin 0 in 
their Eq. (7), and the graphs presented results using a factor of sin 9 instead 
of sin 2 9, which is equivalent to balancing entirely the gravitational force, 
and not just the perpendicular component. Using the correct expression re¬ 
sults in higher s pecific angular momentum, and strengthens the conclusion of 
IGilkis & Sokeil (2015 ). 


simulations, is that for 9 a larger than about 0.1 (several de¬ 
grees) a bipolar outflow will develop. 

This calculation of the limiting angle 9 a is under the as¬ 
sumption of a uniform specific accreted angular momentum 
j = (j). In most cases the specific angular momentum is not 
uniform. Material with lower angular momentum can flow 
through the poles with an angle 9 < 9 a , while material with 
higher angular momentum will form an accretion belt with a 
higher limiting angle 9 a than what is assumed here. In general 
the limiting angle 9 a in equation [2] represents some average 
behavior. 

In IGilkis & Sokeri (120151) this approach was used to show 
that if before collapse there exist high con vective velocities in 
the pr ogen itor, such as those presen ted bv ICouch & Ottl (1201 3l 
[ml and lMueller & Jarikal (120151) . those velocities can give 
rise to the required stochastic angular momentum needed for 
an accretion belt. 

In this work we consider the stochastic angular momentum 
resulting from post-bounce dynamical S ASI instabilities. The 
schematic flow structure discussed here, including stochastic 
angular momentum from the pre-collapse core and the SASI, 
is presented in Figure[Q 


3. ACCRETION BELTS FROM THE SASI SPIRAL 
MODES 

IFernandezl ( 2010 ) studied the spiral modes of the SASI us¬ 
ing 3D simulations. He found that the SASI leads to a redistri¬ 
bution of the angular momentum accreted onto the proto-NS. 
This angular momentum was less than the Keplerian angular 
momentum close to the proto-NS and no accretion disk was 
formed. In this section we revisit the results of IFernandezl 
(1201 Oh and show that the SASI can lead to a belt like struc¬ 
ture around the proto-NS. We speculate that as a result of 
the belt like flow, jets w ill be launched and explode the star 
(ISchreier & SokerluOlhl) . 

The angular momentu m acc reted onto the proto-NS in the 
simulations conducted hv lFernandez ( 2010 ) can be estimated 
from the rate of change of the proto-NS rotational period T, 
as presented in his figure 17 for five cases. The rate of change 
of the angular momentum near the proto-NS is 

j = M = ~I^T. (3) 

For the mass inflow rate of M acc ss 0.3 Mq s -1 and a NS 
moment of inertia I = 10 45 g cm 2 used in the simulations, we 
can estimate the specific angular momentum of the accreted 
mass as function of time , 


j = 1.75x10 3 , vinlb ■' 

J V 7X 10 4£) g cm 


M a( 


0.3 Mq s 


-1 


using the results of IFernandezl (1201 01) . 

The accreted specific angular momentum j calculated by 
equation ( 01 ) is presented in the left panels of Figure. [2] The 
values of M acc and I are as scaled in equation 01 ) , while T 
and T are from Figure 17 of lFernandezI (120101) . We also plot 
the limiting angle 9 a calculated from equation 0 }, with the 
scaling of 


JKep = 2.16 X 10 16 


/ M \ 1/2 


R \ 1/2 
25 km J 


cm 2 s 1 


(5) 

for the same cases in the right panels of the same figure. As 
can be seen, the specific angular momentum is indeed lower 
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Fig. 2.— Left panels: the specific angular momentum j as calculated 
from equation @ with the orbital period of the NS taken from figure 17 of 
1 Fernandez!12010 ). Right panels: the limiting angle 9 a according to equation 
(2), and for the specific angular momentum values fr om the left panel o f each 
case. The four different models are digitized from iFernandea d2010h with 
tfjo ~ 3.1 ms., where details of the models can be found 


Fig. 1.— A schematic presentation of the proposed scenario. The panels 
are not exactly to scale, but the two-sided arrow on the upper left of each 
panel is approximately 500 km. The four panels span an evolution time of 
several seconds, (a) In the silicon burning shell of the pre-collapse core there 
is a convective region, at about thousands of km from the center. The con¬ 
vective vortices are a source of the stochastic angular momentum, (b) After 
collapse and the formation of a neutron star (NS) the rest of the in-falling 
gas passes through the stalled shock. The stochastic spatial distribution of 
angular momentum in the silicon burning shell is carried inward into the 
post-shock region. In addition, the spiral modes of the SASI add stochas¬ 
tic angular momentum in the post-shock region.(c) The accreted angular mo¬ 
mentum changes stochastically in magnitude and direction. For short periods 
of times, tens of milliseconds, the accreted gas near the NS possesses a net 
angular momentum. Accretion along and near the temporary poles of the an¬ 
gular momentum axis is inhibited, and a temporary accretion belt is formed 
around the newly born NS. If the belt exists for a long enough time, several 
dynamical times, or > 0.01 s, it can spread in the radial direction to form an 
accretion disk. The belt or disk are assumed to launch two opposite jets with 
initial velocities of iiy s=e 10 s km 1 (about the escape velocity from the 
newly formed NS), (d) The jets that are launched in varying directions, called 
jittering jets, penetrate through the ga s close to the center, and their shocked 
gas inflate hot bubbles (see lPapish & Soked 201_ljk These bubb les ex pand and 
explode the star in the jittering jets model (Parrish & Sokeill2014albl ). 

by an order of magnitude than that required to form an accre¬ 
tion disk around the proto-NS. However, we find the limiting 
angle, 9 a to be large enough to create a belt like structure 
around the proto-NS in most cases. 

Let us dwell on some of the ingredients of the proposed 
mechanism. In a recent paper iMSsta et al.l (120151) conducted 
very high resolution simulations of CCSNe with pre-collpase 
rapidly rotating cores. They showed that rapidly rotating ma¬ 
terial around the newly born NS can substantially amplify 
magnetic fields, with an e-folding time scale of r e ~ 0.5 ms. 
In their simulations this is about half an orbital period in the 
relevant region of the disk. 

It is impo rtant to note the follo wing properties o f the re sults 
obtained by IMosta et al.l (120151) . (I) IMosta et alJ (120151) ob¬ 
tained significant magnetic field amplification only for very 
high spatial resolution simulations. 

(2) The amplification reaches saturation when the magnetic 
energy density is about equal to the turbulent energy den¬ 
sity (equipartition). In their simulations this occurs within 
3ms. Had the initial magnetic field been weaker, amplifica¬ 
tion would have last longer, still reaching equipartition. (3) 


The amplification time at a radius of about 40 km is about ten 
times as long as in the inner radius. This increase in ampli¬ 
fication time results from two factors. Firstly, the Keplerian 
orbital period at 40 km is larger by a factor of about 4 rela¬ 
tive to that at a radius of 15 km. Secondly, the shear js large 
near th e NS. In the scenario proposed by ISchreier & Sokerl 
(120161) the amplification occurs near the surface of the NS, 
hence the amplification time of the magnetic field is expected 
to be short. 

The Keplerian orbital period at ~ 25 km from the newly 
born NS is 1.8 ms. From Fig. [2]we see that a typical tempo¬ 
rary disk last for about 5 — 10 ms, that is 3-6 tim es the orbital 
period. From the results of lMosta et al.l (120151) the magnetic 
fields can be am plified by ~ exp(5 — 12) = 100 — 10 5 . 

According to ISchreier & Sokerl ( 2016 1 it is the amplifica¬ 
tion of the magnetic field that is the most important ingredient 
in the launching of jets from accretion belts. The second pa¬ 
rameter in importance is the opening angle 9 a . The reason for 
the higher importance of the magnetic fields is that the mag¬ 
netic activity can change the opening angle in the following 
w ays. _ 

ISchreier & Sokerl (120161) suggest that reconnection of the 
magnetic field lines eject gas through the two opposite polar 
avoidance regions. This activity can increase the opening an¬ 
gle in the inflowing gas. ISchreier & Sokerl (120161) further ar¬ 
gue that winding of the magnetic field lines frozen to the polar 
outflow can further channel rotation energy to outflow kinetic 
energy. Magnetic tension can further increase the opening an¬ 
gle. The main conclusion is that once the magnetic field be¬ 
come strong, the opening angle is opened to 9 a > 0.1 = 6°. 

There is no upper limit on the value of 9 a , as the scenario 
for jet launching from accretion belts does not require the belt 
to collimate the bipolar outflow. 

4. SUMMARY 

In recent years dynamical effects, like pre-collapse con¬ 
vection and/or rotation, have been introduced in simula¬ 
tions of neutrino-driven explosion of CCSNe. The hope 
was that these effects will help revive the stalled shock, 
and lead to the desired explosion energy that has not been 
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consistently achieved with neutrino-based mechan isms. The 
dynamical effects include the SASI (e.g. . jBlondin et ahl 

120031 [Blondin & Mezzacannal2007HFemandezj20 1 (I) andpre 

core- c ollapse perturbations and turbu lence (e.g. iCouch & Ottl 
12013L120151 iMueller & Jankal 120151) . These dynamical ef¬ 
fects have been shown to have onlyklimited effects on help¬ 
ing a successful explosion by the delayed-neutrino mecha¬ 
nism. However, these effects might help in creating accretions 
belts and so might be important ingredients in the jittering-jets 
model for CCSNe. 

In a former paper iGilkis & Sokerl ( 2015 ) studied the in¬ 
fluence of pre-collapse core turbulence on the jittering-jets 
model, and found it to help with supplying the stochastic an¬ 
gular momentum. In this paper we study the influence of 
the SASI on the creation of intermittent accretion belts. The 
schematic flow structure is presented in FigureQ] To calculate 
the specific angular momentum of the accreted mass we use 
the_study of the SASI spiral modes conducted by IFernandezi 

d20l0h . 

We found that during many time intervals the average spe¬ 
cific angular momentum of the accreted mass is « 5% of 
the Keplerian angular momentum on the equator of the newly 
formed NS (left panels of Figure |2]l. This implies that a cone 
with an angle of 9 a « 10° from the temporary angular mo¬ 
mentum axis will be almost devoid of accreted gas close to the 
NS. The temporal variations of the angle 9 n acc ording to four 
cases of the SASI studied by IFernandezi (12010h . are given in 
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the right panels of Figure [2] If magnetic fields are amplified 
in the accretion belt, due to sheared rotation and converging 
accretion flow, j ets mig ht be launched along the empty polar 
cones (ISchreier & Sokerl2016l) . This is a basic assumption of 
the jittering-jets model. 

We note that the CIT E thermonuclear explosio n me chanism 
for CCSNe studied by iKushnir & Katzl (120141) and iKushnid 
(12015a!) requires a large amount of angular momentum in the 
core to achieve the desired explosion energy from the ther¬ 
monuclear burning of the mixed helium-oxygen layer. The 
collapsing rapidly rotating core supplies a vast amount of 
mass to form an accretion disk around the newly formed 
NS; about 1 Mq with a specific angular momentum of j ps 
4 x 10 17 cm 2 s -1 . The energy carried by the expected jets 
will dwarf the energy released by the thermonuclear burning 
(IGilkis et al.ll2015i) . . _ 

Alth ough the results of this paper and IGilkis & Sokeil 
d2015l) are only preliminary, they show that it might be pos¬ 
sible to achieve the conditions for jets launching in CC¬ 
SNe. If this is correct then the jittering-jets model will 
be able to explod e a star w ith the desiered 1 foe explosion 
energv dPapish & Sokerll2014bl) . There are many more points 
that should be addressed before we can claim more conclu¬ 
sively that the jittering-jets model can work. This include 
simulations of magnetic fields amplification in the accretion 
belt and farther investigating the ability of it to launch jets. 
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